An experimental study of nitric oxide removal by selective noncatalytic reduction (SNCR) using ammonia as reducing agent has been performed in a semi
INTRODUCTION
Nitric oxides (NO x ), including nitric oxide (NO), nitrous oxide (N 2 O), and nitrogen dioxide (NO 2 ), are one of the most important air pollutants generated from hightemperature combustion processes. NO x have been drawing wide attention because of their particular environmental hazard and difficulty of reduction. Many technologies have been developed and commonly used to reduce the NO x emissions. Among them, selective noncatalytic reduction (SNCR) technology is known to be a very promising technological approach because of its low investment cost and an interesting efficiency.
The SNCR process is an effective approach for NO x reduction by injecting into flue gas specific nitrogenous species containing -NH-or -CN-functions such as ammonia (NH 3 ), urea [(NH 2 ) 2 CO], or cyanuric acid [(HNCO) 3 ]. The NO x reduction efficiency of the SNCR process is linked to various working parameters, such as the burnt gas temperature, gas residence time, the amount of reducing agent, initial NO x concentration, residual oxygen concentration in the flue gas, mixing conditions, and the additives. The SNCR process is characterized by a very narrow temperature window usually located in the 1123-1373 K range [1] . Below the lower limit of temperature (i.e., 1123 K), the initiation reactions are too slow to provide any NO x reduction. For working temperatures higher than 1373 K, the oxidation phenomenon of reducing agents is dominant and leads to NO x formation instead of reducing this pollutant. Nevertheless, this narrow and relatively high temperature interval may be widened and also lowered by additive effects. Several additives have been tested and evaluated in the literature, such as CO and H 2 [2] , alkanes (CH 4 , C 2 H 6 and C 4 H 10 ) [3] , alcohols (CH 3 OH, C 2 H 5 OH and (CH 2 OH) 2 ) [4, 5] , volatile organic compounds (C 6 H 5 OH and C 7 H 8 ) [6] , sodium compounds (Na 2 CO 3 , HCOONa, CH 3 COONa, and NaNO 3 ) [7] , or other additives (C 2 H 4 , C 2 H 4 O, CH 3 CHO, CH 3 NH 2 , and pulverized coal) [5] [6] [7] [8] . More recently, some works presented the effects of multicomponent gas additives, such as the combination of CO, H 2 , and CH 4 , on the SNCR process [9] . NO x reduction efficiencies of up to 95% have been obtained in these studies.
The aim of this study is to evaluate the effects of additives on the SNCR process using ammonia as reducing agent in a semi-industrial reactor. The influence of the operating parameters on the efficiency of the reduction process was also determined.
EXPERIMENTAL SETUP
The experiments were performed in a semi-industrial reactor which consists of a 1.1 m long tube with inner diameter of 8 cm, as shown in Fig. 1 .
The reactor is equipped with 13 accesses that allow temperature measurements and gas sampling. At the base of the reactor, a McKenna flat flame burner is used to generate the flue gas of known compositions and features. A methane-air flame seeded with known amounts of NO (1500 ppm) is stabilized on the burner at atmospheric pressure with a constant equivalence ratio (φ = 1.0). The main working parameters consist of a total gas flow rate of 805 L⋅h -1 and a gas residence time of 2.4 s. Five electric heaters are placed along the reactor in order to control the flue gas temperature in the 900-1200 K range. The temperature of the reactor wall is measured by 40 K-type thermocouples. The reducing agent mixture [NH 3 /(additives)/N 2 ] is injected in flue gas by a specific device which consists in four watercooled perforated tubes. This injection system is located 10 cm above the burner surface.
The amount of NH 3 injected as reducing agent is characterized by a parameter usually called normalized stoichiometric ratio (NSR) of the reducing agent ([NH 3 ]/[NO] 0 ). The NSR is fixed to a value of 5.0, which is the optimum point in the present experimental conditions. The NSR coefficient for the additive species ([additives]/[NO] 0 ) varies from 0 to 3 for CH 4 , C 2 H 4 , C 2 H 6 , CH 3 OH, C 2 H 5 OH, and CO. Gas sampling is performed by using a specific microprobe connected to an experimental setup that allows measurements by Fourier transformed infrared spectroscopy (FTIR). A warmed cell with a 10 m optical path is used to analyze the sampled gas. Chemical species such as NO, CO, CO 2 , NH 3 , and additives species, which play important roles in the process, have been measured.
The typical experimental configuration of the SNCR process studied in this work is summarized in Table 1 .
Some previous experiments were performed to characterize the semi-industrial reactor used in this study. The objective of these experiments was notably to determine the axial flue gas temperature profiles in the reactor. These measurements were investigated by using a specific temperature probe which was constituted of two Pt/Pt-10%Rh thermocouples with different diameters, allowing a radiative loss correction of the measured temperatures.
The axial temperature profiles were measured for different setpoint values and are displayed in Fig. 2 . The results showed that the shape of the temperature profiles was very similar for all the temperature setpoints, from 773 to 1173 K. From the height of 36 cm above the burner surface, the reactor can be considered as isothermal. This critical position corresponds to the 4th sampling access, as shown in Fig. 1 .
RESULTS AND DISCUSSION

Ammonia Injection Without Additives
A parametric study of the classical SNCR process by using ammonia for the NO reduction has been performed in this work. The influence of several parameters, such as the flue gas temperature in the injection zone, the NSR of ammonia, the initial concentration of NO, and the gas residence time, has been studied. Seeded NO (L⋅h The effect of the flue gas temperature on the residual NO concentration with various ratio of [NH 3 ]/[NO] 0 is presented in Fig. 3 . As a result, a competition between the NO formation from the oxidation of NH 3 and the NO reduction process is observed over the experimental range of temperature from 873 to 1193 K. For a given molar ratio of [NH 3 ]/[NO] 0 , the NO concentration increases when increasing the flue gas temperature from 873 to ~1073 K. In this temperature range, the NO evolution is observed by comparing the measured concentration with the initial NO level fixed to 1370 ppm. Further increase of flue gas temperature leads to a significant reduction of the residual NO concentration. As can be seen in Fig. 3 Fig. 3 . Three values of NSR (NSR = 1, 3, and 5) were tested. As a result, for each temperature the NO emission is found to decrease with the NSR value. The measurements clearly point out that the effect of the NSR parameter on the efficiency of the NO reduction process is more significant when a high value of NSR is used.
The kinetic mechanism involved in the SNCR process has been discussed in detail elsewhere [9] [10] [11] . The outlet NO concentration is dependent on the competition between NO consumption and NO production during the NH 3 oxidation. This competition mainly depends on both the flue gas temperature and the residual oxygen concentration. In a low-temperature range, the NO reduction kinetic scheme predominates and mainly involves the following reaction sequence: 
O + H 2 O → OH + OH .
The NH 2 radical plays an important role in the NO reduction by the SNCR mechanism. Otherwise, the NH 2 radical is principally produced by the reaction of NH 3 with OH via reaction equation (1) . For that reason, the presence of OH radical plays a very important role in the SNCR process.
In our temperature conditions, experimental results show that the injected ammonia is very sensitive to the residual oxygen and tends to be oxidized to finally produce NO. The combined influence of both flue gas temperature and oxygen level needs to carefully adjust the working parameters. Consequently, the NO reduction process via the SNCR mechanism will be more efficient since the residual oxygen will be low. As shown in Fig. 3 , this dependence on the oxygen concentration can be monitored by the flue gas temperature.
The effect of the initial NO concentration ([NO] 0 ) on the NO reduction efficiency is also evaluated in this study, and it is illustrated in Fig. 4 . The performance of the SNCR process was evaluated in a wide range of initial NO concentration, from 400 to 2500 ppm, by maintaining the other working parameters
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Dao et al. at a constant value. The NSR of ammonia is fixed at 5, which corresponds to the optimal value in our experimental conditions. As can be seen in Fig. 4 , the NO reduction efficiency increases fairly well with the initial NO concentration [NO] 0 . A very low concentration of NO in the burnt gases does not favor the NO reduction process. This observation is in perfect agreement with the experimental results obtained recently by Lee et al. [1] , who studied the NO reduction process using ammonia in the initial NO concentration range from 100 to 500 ppm, with an NSR value of 3 and a wide temperature range, from 923 to 1423 K.
FIG. 4:
Effect of Additives on the SNCR Process
One of the disadvantages of the SNCR process consists of a narrow and relatively high reduction temperature range. The addition of some specific additives in the initial reducing agent mixture may solve this problem. As mentioned in the Introduction of this paper, several chemical species have been evaluated in this work as additives of the classical SNCR process. We have chosen some of them to evaluate the effects on the SNCR process in our low-temperature experimental conditions. The main results obtained are presented in the following.
Alkanes
The influence of the addition of alkanes (CH 4 , C 2 H 6 ) in the initial reducing mixture (NH 3 /N 2 ) on the NO reduction efficiency is displayed in Fig. 5 . The case of no additive corresponds to that of the classical SNCR process with a NSR ([NH 3 ]/[NO] 0 ) value equal to 5, which is the optimal condition in the present experiments. As can be seen in Fig. 5 , the addition of methane and ethane induces a downward shift of the reduction temperature window and a slight decrease of the maximum NO reduction efficiency, depending on both the alkane and the additive concentration. When CH 4 or C 2 H 6 are added to the initial reducing agent mixture, the optimum reduction temperature is found to be lowered. By comparing the addition of these two different additives and by considering the same hydrocarbon content (the CHi group with i = 2, 3, or 4), CH 4 is observed to have a lower effect than C 2 H 6 , first on the shift of the optimal temperature and second on the efficiency of the global NO reduction process. This qualitative observation has been already pointed out and agrees with the results obtained by Duo et al. [5] and Robin et al. [12] , who compared the effect of several hydrocarbons such as CH 4 ) increases to 3, a shift of near 100 K of the reduction temperature window toward the lower points is observed, as seen in Fig. 5 . Nevertheless, for temperatures higher than 1150 K for C 2 H 6 and 1200 K for CH 4 , the addition of these two compounds induces a significant increase of the residual NO concentration in the flue gas. In these higher temperature conditions, the additives participate in chemical mechanisms which contribute to NO formation [Eqs. (8)- (11)]. The NO formation in these operating conditions (temperature near 1200 K and a high level of CHi compounds in the flue gas) is mainly due to the prompt NO chemical mechanism [4, 13] :
NCO + NO → N 2 + CO 2 ,
Thus, the use of these additives needs to imperatively control the working parameters of the installation in order to avoid NO formation.
Alkenes
The effect of C 2 H 4 on the NO reduction by the SNCR process has been also evaluated for different [C 2 H 4 ]/[NO] 0 molar ratios. The experimental results are displayed in Fig. 6 . The addition of C 2 H 4 lowers the optimum reduction temperature, and this result is similar to that obtained with the alkanes. Nevertheless, this effect seems to be more significant in the temperature range from 1000 to 1150 K. In this temperature range and for a NO residual concentration of 600 ppm, the increase of the [C 2 H 4 ]/[NO] 0 molar ratio to 3 leads to a shift of more than 100 K in the reduction temperature range.
Below 1000 K, C 2 H 4 seems to become an inhibitor of the SNCR process. The quantitative measurement of NO at 973 K does not point out the reduction of this species. Moreover, some cautions have been proposed for flue gas temperature higher than 1130 K. From this limit temperature, the presence of C 2 H 4 trends to favor an increase of NO concentration via the prompt NO chemical mechanism. The same observation has been made when alkanes are added to the NH 3 /N 2 reducing mixture. Globally, C 2 H 4 used as an additive seems to be more effective than CH 4 and C 2 H 6 in comparing the decrease of the reduction temperature range for addition of the same amount of carbon.
Carbon Monoxide
In the same way, we have studied the effect of the addition of CO to the NH 3 /N 2 reducing mixture on the efficiency of the NO reduction process. The experimental observation of the CO effect for different [CO]/[NO] 0 molar ratios is shown in Fig. 7 . As previously observed, the presence of CO in the flue gas induces a shift of the optimal temperature range to the lower values. For a given temperature, increase of the CO concentration in the reducing mixture induces a more efficient reduction process. Nevertheless, the CO effect is less pronounced than those pointed out with the hydrocarbon additives as C 2 H 6 and C 2 H 4 . Our experimental observations agree qualitatively with the results of Bae et al. [4] and Carton and Siebers [14] .
The effect of CO addition on NO reduction by the SNCR process can be explained by the CO oxidation reaction in the presence of water vapor (12) , which increases the supplies of OH and O radicals at lower temperatures via Reactions (6) and (7) [4]:
The availability of OH and O radicals shifts the optimum temperature for NO reduction to lower points.
Alcohols
A last family of chemical compounds was studied as an additive for the SNCR reduction process. Methanol and ethanol were chosen because of their low boiling points. These compounds were added to the As shown in Fig. 8 , the addition of alcohol additives (CH 3 OH and C 2 H 5 OH) provides a strong positive effect on the SNCR process in comparison with the previous additives. We note that the addition of CH 3 OH and C 2 H 5 OH greatly lowers the reduction temperature range with a shift of more than 100 K, and causes a slight decrease in the maximum degree of NO reduction. The C 2 H 5 OH seems to be more effective than CH 3 OH with regard to decrease of the reduction temperature range. For the same flue gas temperature, the addition of alcohols provides an effective NO reduction at lower temperatures. For example, at 1023 K the addition of C 2 H 5 OH with a [C 2 H 5 OH]/[NO] 0 molar ratio of 3 can increase the NO reduction efficiency from 17% in the classical SNCR process to 57% (see Fig. 8b ). The efficiency of alcohols in the promotion of the SNCR process can be explained by the presence of an OH group in the alcohol molecule. In the SNCR process, the OH radical plays an important role in propagation reactions, and the overall process is promoted by increasing the OH radical concentration [5] . The more significant effect of C 2 H 5 OH compared to CH 3 OH seems to be caused by the presence of the double content of the hydrocarbon group. The results observed in this study agree qualitatively with the observations of Bae et al. [4] , who also evaluated the influence of CH 3 OH and C 2 H 5 OH with a molar ratio of [NH 3 ]/[NO] 0 equal to 2 in a relatively high range of temperature, from 1073 to 1273 K.
Ammonia slip
NH 3 slips refer to trace levels of NH 3 in postcombustion products of NO x reduction processes. One of the disadvantages of the SNCR processes is the risk of the presence of NH 3 in the burnt gases as a byproduct. Naturally, a minimum of unreacted NH 3 from the NO reduction process is desirable for environmental reasons. That is why the ammonia slips are an important factor that needs to be considered with regard to industrial applications of the SNCR processes. Generally, the NH 3 slip decreases rapidly with the flue gas temperature. For all temperatures, the use of additive tends to reduce the residual NH 3 in the flue gases. This phenomenon is more significant with temperatures higher than 1050 K. For lower temperatures, the additive induces only a slight decrease of ammonia slips. In the optimal temperature condition (1200 K), the addition of some additives, such as C 2 H 6 , CH 3 OH, and C 2 H 5 OH, leads to a negligible NH 3 residual emission.
Thus, in our operating conditions the additive we tested sensitively promotes NO reduction by the SNCR process but also efficiently reduces the residual NH3 emissions in the flue gases.
CONCLUSIONS
NO reduction by selective noncatalytic reduction (SNCR) using ammonia has been performed in a semi-industrial reactor at a temperature range of 873-1173 K. A maximum NO reduction efficiency of about 80% was achieved with a classical SNCR configuration. Several representative chemical species, such as CH 4 , C 2 H 6 , C 2 H 4 , CO, CH 3 OH, and C 2 H 5 OH, were tested as additives for the SNCR process. The addition of these compounds shifts the reduction temperature range up to more than 100 K to the lower points, and slightly decreases the maximum level of NO reduction. In our experimental conditions, CH 3 OH and C 2 H 5 OH are the more efficient additives for shifting the reduction temperature range and reducing NO levels at lower temperatures. The additives have also a significant effect on the ammonia slips. The residual NH 3 emissions are decreased by using additives in the initial reducing mixture (NH 3 /N 2 ).
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